ATMs have a metabolic impact in mammals as they contribute to metabolically harmful AT inflammation. The control of the ATM number may have therapeutic potential; however, information on ATM ontogeny is scarce. Whereas it is thought that ATMs develop from circulating monocytes, various tissue-resident Mfs are capable of self-renewal and develop from BM-independent progenitors without a monocyte intermediate. Here, we show that amphibian AT contains self-renewing ATMs that populate the AT before the establishment of BM hematopoiesis. Xenopus ATMs develop from progenitors of aVBI. In the mouse, a significant amount of ATM develops from the yolk sac, the mammalian equivalent of aVBI. In summary, this study provides evidence for a prenatal origin of ATMs and shows that the study of amphibian ATMs can enhance the understanding of the role of the prenatal environment in ATM development.
Introduction
ATMs are resident Mfs of AT in mammals [1] and have a largely unexplored role in AT immunity [2] but a better understood impact on metabolism [1] . ATMs can support normal AT function, but can also trigger AT inflammation and IR and can correspondingly contribute to the development of obesity comorbidities [1] [2] [3] [4] . Because ATMs are associated with the rising prevalence of obesity and its comorbidities [1, [3] [4] [5] , they are of great pathophysiologic relevance.
The quantity and the so-called activation state of ATMs are the 2 main determinants of their metabolic effects [1, 2] . Obesity increases the number of ATMs as a result of increased monocyte infiltration and local ATM proliferation in AT [1, 6, 7] . The increase in ATM content in obesity is associated with an inflammatory ATM phenotype, which is the result of classic or M1 Mf activation [1, 2] . M1 activation of ATMs is promoted by modified lipids, lipoproteins, and cytokines of the obese AT. M1 ATMs exacerbate AT inflammation, which can lead to IR [1] [2] [3] [4] . In contrast, lean AT is rich in alternatively activated, so-called M2 ATMs, which are thought to support homeostatic AT functions [1] . Inhibition of M1 activation and maintenance of a metabolically healthy M2-dominant ATM population is a therapeutic strategy for treating obesity and IR [1, 2, 8] . Whether ATMs of lean AT develop from blood monocytes or are replenished by local proliferation of ATMs is unknown [2] . Because Mfs are present in almost all organs, pharmacologic manipulation of Mf activation and proliferation can have beneficial effects in AT; however, detrimental effects have been observed in other tissues. To avoid such off-target effects, recent research efforts have focused on the identification of developmental programs and marker proteins that are specific for individual tissue-resident Mfs [9] [10] [11] [12] . Such an approach could allow for targeted manipulation-for example, drug delivery to specific Mf niches. Therefore, a better understanding of the ontogeny of ATMs can help to develop methods to specifically increase the production of M2 ATMs without affecting other tissue-resident Mfs. Nevertheless, in contrast to other tissueresident Mfs, such as microglia, Kupffer cells, or osteoclasts, to date little is known about the developmental program of ATMs [2] .
Comparative studies have facilitated the understanding of the development of specific cell types and may provide evidence of the evolutionary origin of ATMs. In this study, we show that ATMs are present in the African clawed frog Xenopus laevis, a widely used model of vertebrate development. Xenopus ATMs develop from progenitors of the extraembryonic aVBI and have the ability to proliferate. aVBI is the equivalent of the hematopoietic tissue of the mammalian YS. Accordingly, we found that YS Mfs give rise to ATMs in the mouse.
MATERIALS AND METHODS

X. laevis and Ambystoma mexicanum strains
For assays on adult X. laevis fat bodies, we used specimens from wild-type female frogs and lurp:eGFP [Xla.Tg(slurp1l:GFP) 1Mohun ] or scl:eGFP (European Xenopus Resource Centre, Portsmouth, United Kingdom) transgenic frogs at age 1-2 yr. Animals were maintained according to previously described general protocols [13] . For developmental studies, lurp:eGFP embryos were cultured and staged as described previously [13, 14] . Fat body specimens of A. mexicanum were obtained from wild-type adult females (Internal MHH file reference: 2012/2, donor animals according §4 TierSchG) that were bred and housed at the Ambystoma Mexicanum Bioregeneration Center (Hannover, Germany), as previously described [15] .
Manipulation of X. laevis embryos
All animal work at the European Xenopus Resource Centre was approved by the Animal Welfare Ethical Review Body of the University of Portsmouth and carried out under the appropriate Home Office license. X. laevis were obtained from the European Xenopus Resource Centre, maintained at 18°C on a daily light/dark cycle for 13-11 h, and fed daily with Horizon XP pellets. Wild-type X. laevis eggs were obtained by injecting 400 IU of human chorionic gonadotrophin into dorsal lymph sacs of adult females on the evening before egg collection. Eggs were fertilized in vitro with macerated testes, dejellied with 2% cysteine hydrochloride (pH 7.8-8.0), and cultured in 0.13 modified Barth's solution. Staging of X. laevis embryos was performed according to Nieuwkoop and Faber [14] . Cas9 mRNA (2 ng/embryo) and sgRNA (each 400 pg/embryo) were injected into the animal pole of 1-cell stage embryos [16] .
Generation of Cas9 mRNA and gRNAs
Cas9 mRNA and sgRNA were generated as described [17] . Oligonucleotides used to prepare sgRNA templates are listed in Supplemental Table 2 . We used the online tool Crispr (http://www.crisprscan.org/) to design the 59-oligonucleotides of sgRNAs. For sgRNA transcription, DNA templates were obtained by PCR assembly (forward primer: Supplemental Table 4 ; and reverse primer: 59-AAAAGCACCGACTCGGTGCCACTTTTTCAA-GTTGAT-AACGGACTAGCCTTATTTTAACTTGCTATTTCTAGCTCTAAAAC-39). Amplicons were transcribed with the MEGAshortscript T7 Transcription Kit (Thermo Fisher Scientific, Waltham, MA, USA) followed by DNase digestion, and transcripts were purified with SigmaSpin Sequencing Reaction Clean-Up columns (Sigma-Aldrich, St. Louis, MO, USA). Cas9 mRNA was produced by using the mMessage mMachine Kit SP6 (Thermo Fisher Scientific Life Sciences) from a modified Cas9 construct in pCS2 (Supplemental Fig. 6 ).
Evaluation of gene targeting efficiency in sgRNA/Cas9-injected X. laevis embryos Targeting efficiency was examined at stage 32. We randomly collected 5 healthy embryos from each injection, extracted genomic DNA by using the DNeasy Blood and Tissue Kit (Qiagen, Hilden, Germany), and amplified the targeted region by PCR (for primers, see Supplemental Table 3 ). We performed a standard T7 endonuclease I assay to detect Cas9-induced mutations.
Detection of YS-derived ATMs in mouse
To label YS-derived Mfs, we adapted the lineage-tracing protocol described elsewhere [11, 18] Organ imaging, histology, and electron microscopy Dissected fat bodies and developing tadpoles were photographed with a Nikon digital camera (Nikon, Tokyo, Japan) assembled onto a white lightbox. For hematoxylin and eosin staining and ACP and peroxidase enzyme histochemistry, fat body samples were fixed in 4% PFA in PBS for 24 h, paraffin embedded, sectioned, and stained as described [19, 20] For TEM, fat body specimens, pancreas, or cells that were isolated from the fat body were fixed in a 4:1 mixture of 4% PFA and concentrated glutaraldehyde and processed as previously described [19] . For imaging lurp:eGFP + and scl:eGFP + cells, fat bodies, spleen, and liver of tadpoles or adult specimens were cryosectioned. In brief, tissues were fixed in 4% PFA overnight, immersed in a 10% sucrose solution in PBS overnight, embedded, frozen in Surgipath embedding medium (Leica Biosystems, Wetzlar, Germany), and sectioned by using a Leica cryostat (Leica Biosystems) at 7-10 mm thickness. The eGFP signal was photographed with a Leica fluorescent microscope using DAPI as a counterstain in Vectashield Mounting Medium (Vector Laboratories, Burlingame, CA, USA). For immunostaining of NPFF, we used cryosections and a primary Ab from Abcam (Cambridge, United Kingdom). Transmitter vesicles were labeled with an Ab raised against synaptic vesicle protein 2 (Developmental Studies Hybridoma Bank, Iowa City, IA, USA). Nonspecific binding of primary Abs was reduced by preincubating cryosections with 1% normal goat serum for 2 h. Sections were incubated with primary Abs overnight. This was followed by a 2-h incubation with fluorescent secondary Abs and counterstaining with DAPIcontaining Vectashield. CX3CR1 was detected on cryosections of mouse WAT by using an Ab from Abcam (Supplemental Table 4 ). Cell contours were labeled with fluorescent phalloidin (Sigma-Aldrich).
To assess BM development, we used developing hindlimbs of tadpoles and developed femurs of adult frogs. Organs were fixed with 4% PFA overnight. Mineralized adult femurs were decalcified with 10% EDTA at 37°C. Specimens were embedded in paraffin and processed for sectioning, followed by hematoxylin and eosin or ACP staining.
TEM or RNA extraction. ATMs were also collected for additional in vitro culture as described below. Results of FACS analyses have been deposited in the Flow Repository to allow secondary use.
In vitro culture of Xenopus ATMs
ATMs were suspended in FACS selection medium that consisted of 2 mM EDTA and 0.5% BSA in PBS (pH 7.4) and were allowed to adhere to 6-well plates in RPMI 1640 medium with 10% heat-inactivated FCS. Cells were maintained at 23°C in sterile cell culture hoods under 5% CO 2 .
To measure phagocytosis activity, fluorescently labeled latex beads or nonconjugated latex beads (Sigma-Aldrich) were added to cultures at a ratio of 1:5 Mf:latex bead and incubated at 23°C for 4 h. Mfs were harvested by trypsinization, washed with FACS selection medium, and processed for FACS analysis. To detect the phagocytosed beads by microscopy, we cultured Mfs on glass-bottom culture plates (Cell View slides; Greiner Bio-One, Frickenhausen, Germany). For negative control, we used ATMs without added beads. After the phagocytosis assay, ATMs were fixed with 4% PFA for 20 min, nuclei were stained with DAPI-containing Vectashield, and analysis was carried out by using a Leica fluorescent microscope. Using the same Leica microscope, we captured image sequences of the phagocytosis process in living ATM cultures by using a differential interference contrast objective.
For the activation of ATMs, cultures were treated with PBS as vehicle or with 100 ng/ml LPS from Escherichia coli or 5 mg/ml pI:pC (both from SigmaAldrich) or with 1 nM synthetic NPFF (Phoenix Pharmaceuticals, Burlingame, CA, USA).
To assay colony formation of fat body SCs, we used a soft agar colonyforming assay for Xenopus hematopoietic colonies as previously described [22] . In brief, cells were suspended in 0.5% agarose dissolved in DMEM and were seeded on the surface of a 1% agarose layer made with DMEM. Semisolid agarose layers were covered with DMEM and incubated at 23°C in sterile cell culture hoods under 5% CO 2 . Colonies were collected for TEM or were photographed in situ by using a wide-field Leica microscope with a differential interference contrast objective.
To measure proliferation, SCs were cultured with 0.1 mg/ml BrdU (SigmaAldrich) for various durations in 6-well culture dishes. Cells were collected for FACS analysis by trypsinization and fixed with 4% PFA for 20 min, then incorporated BrdU was detected with a PE-conjugated anti-BrdU Ab (BU20A; eBioscience, San Diego, CA, USA). For negative control, we used vehicletreated cells and BrdU-pulsed cells that were incubated with isotype controls.
Isolation and FACS analysis of mouse ATMs
We collected epidydimal WAT from adult (postnatal day 56) C57/BL6 mice. Tissues were pooled from 3-5 animals and ATMs were isolated by using collagenase digestion as previously described [21] . The same technique was used to isolated SCs and ATMs from BAT and iWAT of mice at postnatal day 7 or 56. In the case of young mice (postnatal day 7), we pooled tissue samples from 12-18 animals. Cell density was adjusted to 10 6 cells/ml in selection medium-the same as that used for the analysis of Xenopus ATMs-and analysis was performed on a BD LSR II Cytometer (BD Biosciences). Staining was performed after fixing cells with 4% PFA for 20 min. We incubated cells with Fc-blocker Ab, followed by fluorescent Abs or with matching isotype controls for 2 h, as previously described [19] . After a 2-h incubation, cells were washed in selection buffer and used for analysis. Abs used are listed in Supplemental Table 4 .
RNA extraction and quantitative PCR
Total RNA was isolated with TRI reagent (Sigma-Aldrich). Integrity of the RNA was evaluated by denaturing agarose gel electrophoresis. Only nondegraded RNA samples were used for cDNA synthesis, as previously described [23] . We used the Viia7 qPCR platform (Thermo Fischer Scientific) for analysis, and gene expression values were expressed as relative mRNA level on the basis of the dCT and ddCT methods, using Bactin and Ppia/Cypa as reference genes for mouse, and bactin and gapdh as reference genes for Xenopus. Primer sequences are provided in Supplemental Table 5 .
Whole-body irradiation and BM chimerism in mouse
As recipients, we used 8-to 10-wk-old CD45.1 + C57BL/6 mice (The Jackson Laboratory). Mice were placed in a restrainer to ensure immobility during g-irradiation. We applied a 10. 
Statistical analysis
All results are expressed as means 6 SEM. The 2-tailed Student's unpaired t test or a 1-way ANOVA with Dunnett's post hoc test was used for statistical analysis. A P value , 0.05 was considered significant. Statistical analyses were performed by using the Prism 5 (GraphPad Software, La Jolla, CA, USA).
RESULTS
Visceral AT of X. laevis is rich in Mfs
Amphibians were the first vertebrates to evolve and develop visceral WAT [24] . WAT is present in the abdominal cavity where it forms paired fat bodies (Fig. 1A) . Whether Mfs are associated with amphibian WAT is unknown. Histologic assessment of Xenopus fat bodies revealed WAT that is rich in SCs (Fig. 1B) , with the majority exhibiting strong ACP and peroxidase activity ( 1D ). Furthermore, phagocytosis activity was restricted to Mfs of the WAT stroma ( Fig. 1E-H and Supplemental Video 1), which supports the notion that, analogous to mammalian WAT, amphibian WAT is infiltrated by ATMs. Mf activation in amphibians remains poorly understood, and it is not known whether homologous mechanisms of M1 and M2 Mf polarization exist [28] ; however, it has been reported that a NO-producing, pathogen-killing activation state of Xenopus Mfs can be elicited in vitro by pI:pC and, to a lesser extent, LPS [28] , which is reminiscent of the M1 activation of mammalian Mfs. To assess whether Xenopus ATMs can adopt an M1-like activation state, we challenged Xenopus ATMs in vitro with either pI:pC for 4 h or LPS for 6 and 18 h and measured the transcription of genes that encode inflammatory mediators and receptors that are known to initiate pathogen clearance in Xenopus. These genes include nos2 and ifng (IFN-g), which are produced by Xenopus Mfs in response to viral and bacterial infection [29, 30] , and mif (Mf inhibitory factor-1), which is linked to the activation of leukocyte migration in Xenopus [31] . We found that pI:pC treatment increased nos2 and mif transcription (Supplemental Fig. 1E ). Of note, Xenopus ATMs were relatively insensitive to LPS treatment, which is in agreement with data from amphibian Mfs [32] . Accordingly, prolonged (18 h) LPS exposure, but not shortterm (6 h) exposure, increased the transcription of csf1, csf1r (csf-1 receptor), ifng, and mif, whereas tgfb (TGF-b) transcription remained unchanged (Supplemental Fig. 1F ). CSF1 may polarize Xenopus Mfs toward a NOS2-expressing, and hence, M1-like, activation state [28] . Although amphibians have TLRs-and notwithstanding that TLR signaling ensures pathogen recognition and activation of the innate immune response-recognition of LPS is weak in amphibians, possibly as a result of the truncated TLR4 [32] . Collectively, the results show that Xenopus WAT contains immune-competent ATMs that can adopt an M1-like activation state in response to pathogenassociated signals ( Fig. 1 and Supplemental Fig. 1 ).
Xenopus ATMs can self-renew
In addition to their activation state, increased ATM proliferation contributes to the metabolic dysfunction of obese WAT in mammals [6, 33] . To determine whether Xenopus ATMs had proliferative capacity, SCs of WAT were isolated and labeled in vitro with BrdU. We observed that BrdU incorporation was present only in ATMs ( Fig. 2A-C) . Because false-positive staining may occur in phagocytosing cells that engulf BrdU-labeled cells, we confirmed that ATMs were able proliferate by culturing them for 24-72 h in soft agar and monitoring their ability to grow as colonies. As observed by differential interference contrast microscopy, the resulting colonies displayed a morphology that resembled that of Xenopus hematopoietic colonies (Fig. 2D ) [22] , and TEM analysis confirmed leukocyte morphology (Fig. 2E) .
Given the ability of Xenopus ATMs to proliferate and form colonies, we next asked whether WAT contains hematopoietic progenitors. The expression level of scl (stem cell leukemia)-a key transcription factor of amphibian hemangioblast development and hematopoiesis [34, 35] -in SCs of WAT was compared with that in the hematopoietic organs liver, spleen, and BM. Spleen and liver had the highest levels of scl transcription in adult Xenopus (Fig. 3A) , whereas BM, which makes only a minor contribution to hematopoiesis in adult amphibians, had negligible expression. SCs of WAT had scl levels that were comparable to those of the spleen and liver (Fig. 3A) . The presence of scl + cells in WAT was confirmed by histology and FACS analysis of transgenic scl:eGFP Xenopus fat bodies ( Fig. 3B ; scl + cells in spleen and liver are shown in Supplemental Fig. 2) .
During amphibian embryogenesis, the first wave of Mfs develops from lurp + precursors, which also express scl and have the ability to proliferate [34] . Lurp + myeloid cell precursors occur first in the aVBI in the early tailbud embryo [34] , the socalled extraembryonic compartment of hematopoiesis that corresponds to the mammalian YS hematopoietic tissue [36] . aVBI develops into the vitelline veins, which contribute to the formation of the liver sinusoids [36] and, thus, may allow for the colonization of the developing liver with lurp + cells. Accordingly, we detected lurp transcription in the adult liver and spleen (Fig.  3C ). In addition, BM displayed a comparable level of lurp transcription (Fig. 3C ), conceivably as a result of its ability to generate myeloid cells in the Xenopus adult [37] . Whereas it has been shown that lurp + Mf precursors of the aVBI proliferate and infiltrate tissues before the development of the circulatory system [34] , it is not known whether they reach WAT. We found that lurp transcription was higher in adult SCs of WAT than in tested hematopoietic organs (Fig. 3C ), which suggests that it is rich in lurp + Mf progenitors. The presence of lurp + cells was confirmed in the stroma by FACS analysis of transgenic lurp:eGFP Xenopus (Fig. 3D and Supplemental Fig. 2 ) [34] . Expression of lurp in the WAT was restricted to the ATM population as shown by FACS analysis (Supplemental Fig. 1D ). Collectively, these findings strongly suggest that X. laevis fat bodies contain a self-renewing population of ATMs.
Xenopus ATMs settle in WAT before the development of BM We next investigated the stage in ontogeny at which ATMs emerge in WAT. We detected fat bodies in Xenopus embryos from stage 60 onwards (Supplemental Fig. 3A) , a period during which hematopoiesis takes place in the liver and kidney. Lurp + ATMs were also detected from stage 60 (Fig. 3E) . Infiltration of WAT by lurp + ATMs was concomitant with the development of BMindependent hematopoiesis. Indeed, WAT and ATM development preceded the development of BM (Supplemental Fig. 3A and B). Although BM of Xenopus can generate leukocytes [37] , ACP + BM Mfs were detected only in adults, where Mfs were associated with fat cells (Supplemental Fig. 3C ).
As a robust test to determine whether ATMs could be generated in the complete absence of BM hematopoiesis, we took advantage of the fact that the axolotl, A. mexicanum, lacks BM hematopoietic progenitors [38] . Liver and spleen are responsible for definitive hematopoiesis in the axolotl in place of BM [38] . In axolotl WAT, we identified ACP + ATMs ( Fig. 3F and G) , which indicates that hepatic and splenic hematopoiesis could generate ATMs. Collectively, these findings show that amphibian WAT is colonized by BM-independent Mf precursors and that ATMs exist despite the complete lack of BM hematopoiesis.
Xenopus and mouse share a homologous mechanism of ATM development
Xenopus embryonic development shares many features with mammalian embryogenesis. The functional equivalent of aVBI in mammals and birds is YS [36] , and YS-derived Mfs give rise to tissue-resident Mfs in birds [39] . Moreover, it has been recently shown that YSderived Mf progenitors contribute to various tissue-resident Mf populations in the mouse, such as microglia, cardiac-resident Mfs, and arterial Mfs [10, 11, 18, 40] . In mammals, the first wave of YS Mfs has a maternal origin, and these cells persist between embryonic day 7.5 and 9.5. From embryonic day 8, YS produces a second wave of Mfs that is characterized by 4 developmental stages with specific cellsurface expression of antigens (Supplemental Table 1 bright profile (Fig. 4A-F) . The majority of ATMs was CX 3 CR1 bright , both after birth and in adulthood (Fig. 4G) . The socalled stage 4 YS Mfs give rise to some tissue-resident Mfs, and persist into adulthood [10, 11, 18, [40] [41] [42] [43] . Furthermore, stage 4 YS-derived Mf progenitors can be identified by the early-onset expression of the chemokine receptor, CX 3 CR1, which allows them to be tracked from embryonic day 9 onwards [10, 11, 18, [40] [41] [42] [43] .
We evaluated whether a homologous mechanism of BMindependent ATM development was operating in the mouse. We used a tamoxifen-inducible eGFP model to label CX 3 CR1 + stage 4 YS Mf progenitors at embryonic day 9 (Fig. 4H) , and we analyzed the fat depots after birth. In mouse, BAT develops before birth [44] ; therefore, we first examined the interscapular BAT 7 d after birth. Although we could not identify significant amounts of ATMs within BAT stroma (Supplemental Fig. 4) , other myeloid cells, such as granulocytes and mast cells, were abundant (Supplemental Fig. 4) . We next analyzed the inguinal fat depot (iWAT), which starts to expand at birth [44] . Of note, we found that the majority of ATMs was eGFP + at adulthood (Fig. 4I) , which indicates that YS-derived ATMs persist in iWAT after birth. Moreover, we detected a similar amount of Ki-67 + ATMs after birth and in adulthood (Fig. 4J) , which demonstrates that ATMs proliferate locally. These findings demonstrate that mouse ATMs have a YS origin and retain the ability to proliferate. This is in accordance with our recent report that showed that ATMs are capable of self-renewal without the need for monocyte supply, and that proliferating ATMs in mouse express CX 3 CR1 [45] . Furthermore, when we transplanted lineage-negative CD45.2 + BM progenitors into lethally irradiated CD45.1 + mice, we found that the majority of ATMs remained CD45.1 + in the recipients (Fig. 4J ).
Taken together, these data show that, similar to X. laevis, ATMs in the mouse have a BM-independent origin with the potential for self-renewal ( Fig. 4K and L) .
ATM development and activation in X. laevis is controlled by gpr147
Recent findings suggest that M2-activating cytokines allow for Mf selfrenewal [46] ; however, it is unknown whether M2 Mf activation occurs in vertebrates other than mammals. We thus sought to define whether Xenopus ATMs can polarize toward an M2-equivalent activation state as well as whether this can increase ATM proliferation. Under physiologic conditions, M2 ATM activation is maintained by various tissue factors in mammals, such as neurohormonal signals of fat metabolism [47] . While searching for hormone receptors that have abundant transcription in the Xenopus fat body, we identified gpr147 as being specifically and highly expressed in WAT stroma of adult Xenopus (Fig. 5A) . Xenopus gpr147 encodes a putative GPCR, which is a homolog of the mammalian NPFF receptor; thus, gpr147 is also called npffr1. The ligand for NPFF receptors, NPFF, is an evolutionarily conserved neuropeptide of deuterostomes [48] that has been shown to inhibit adipogenesis [49] and that has a plausible role in Mf activation in mammals [50] . Indeed, neuropeptides have an impact on immune cell functions in Xenopus [51] and Mf activation in mammals [52] . Given this information, we analyzed the effect of gpr147 on Xenopus ATM development. When we ablated gpr147 in Xenopus, the first (F0) generation gpr147-KO animals presented a reduction in lurp transcription in WAT concomitant with a reduction in ATM content (Fig. 5B-D) .
To test whether NPFF has an impact on Xenopus ATM content and activation, we treated ATMs with NPFF (1 nM) in vitro and found that NPFF-treated ATMs formed larger colonies in soft agar than did vehicle-treated ATMs (Fig. 5E and F) . Moreover, when gpr147-KO ATMs were compared with wild-type ATMs, the level of expression of nos2 and il34 (encoding IL-34; IL-34) was significantly higher and lower, respectively, in gpr147-KO cells (Fig. 5G) . Furthermore, NPFF-treated wild-type ATMs displayed increased transcription of the proresolving and profibrotic genes, tgfb and arg1 (arginase-1) (Fig. 5H) , both of which are hallmarks of M2 activation in mammalian Mfs [47] . In nonmammalian vertebrates, arginase-1 and TGF-b are associated with tissue healing and the resolution of inflammation [47] , which points to a possible role for NPFF in M2 activation in Xenopus ATMs. In addition, administration of NPFF increased the transcription of il34 (Fig. 5H) . It has been shown recently that Xenopus IL-34 induces a unique activation state of Xenopus Mfs that is characterized by prominent arg1 expression [53] . NPFF also suppressed the expression of the inflammatory genes, nos2 and mif (Fig. 5H) . In murine Mfs, the M1 activation state is typified by NOS2 expression and NO synthesis, whereas M2 activation is characterized by increased arginase-1 expression and the abolishment of NO synthesis [47] . As a homolog of this model, our data support the notion that pI:pC-or LPS-stimulated Xenopus Mfs can be assigned as M1-Mfs, and NPFF-treated Mfs as M2-Mfs. Deficiency for gpr147 increased the transcription of rnf128, whereas the opposite effect was observed with NPFF treatment (Fig. 5I) . Xenopus rnf128 is a homolog of the mammalian Rnf128 or Grail, which encodes an E3 ubiquitin ligase that increases the proteasomal degradation of STAT6, the major signal transducer of M2 activation in mammals [54] . NPFF also inhibited pI:pC-induced transcriptional changes in ATMs (Fig. 5J) .
It is known that NPFF is expressed in the amphibian brain [55] . In addition, we screened for NPFF expression in endocrine organs and found that only the pancreas had a notable NPFF content. Accordingly, NPFF-like immunoreactivity was present in endocrine cells of the pancreas, which were scattered in the exocrine parenchyma (Supplemental Fig. 5 ). The source of NPFF may thus be either the CNS or pancreatic endocrine cells.
DISCUSSION
ATMs have a key metabolic impact in mice and primates [2] ; however, an evolutionary understanding of their equivalents and developmental origin is lacking. We have previously shown that ATMs are present in all relevant taxa of mammals [19] . Whereas the majority of studies with ATMs is centered on murine models of human obesity, some recent studies confirm that ATMs have a general metabolic and endocrine function in mammals [19, 56, 57] . In the present study, we show that ATMs are present in amphibian (X. laevis and A. mexicanum) WAT, which suggests that they are evolutionarily conserved constituents of WAT immune cell population in vertebrates.
Both amphibian and mammalian innate immune systems use Mfs as a first line of defense against cellular and viral pathogens [16, 17, 32] ; however, several key mechanisms remain to be defined in the development and function of the amphibian immune system [32] . Indeed, whereas the immune system of Xenopus is the most comprehensively studied outside mammals and chicken [32] , the functions and the development of Xenopus tissue-resident Mfs are relatively unknown. Mfs are key for tissue regeneration in mammals [58] , and studies using the axolotl, A. mexicanum, show that Mfs are also crucial for tissue healing in this highly regenerative species [59] [60] [61] . However, the axolotl hematopoietic system has only recently been explored [38] , and information on tissue-resident Mfs in Ambystoma remains scarce in the literature [62] [63] [64] [65] . Whereas some studies have shown that the amphibian liver contains phagocytosing Mfs, which may be the equivalent of mammalian Kupffer cells [14, 66] , these Mfs synthesize and degrade melanin and are therefore different than Kupffer cells [14, 63] . Phagocytosing astrocytes and microglia are also present in amphibians and have roles in myelin remodeling and nerve injury regeneration [67, 68] . Moreover, bone resorbing cells in amphibians are thought to be homologs of mammalian osteoclasts [69] or odontoclasts [70] . It remains to be established whether amphibians have the equivalents of mammalian-type cardiac and intimal Mfs and other types of tissue-resident Mfs. Indeed, it has been shown that amphibians lack the specialized populations of leukocytes in tissues as well as lymph nodes, tonsils, and Peyer-plaques within mucosal layers [32, 71] . Our study identifies a novel accumulation site of leukocytes in the periphery and shows that WAT hosts a leukocyte niche that is formed by lymphocytes and ATMs. To our knowledge, this is the first study to demonstrate the existence of ATMs in nonmammalian vertebrates.
X. laevis and A. mexicanum are important model organisms in comparative studies of immunity, development, and regeneration [32, 72, 73] , and it is therefore interesting that both species harbor ATMs in their fat depots. Moreover, A. mexicanum is a critically endangered species [74] , and data on axolotl physiology, therefore, have high value for research. The evolutionary and genetic distance of amphibians from mammals allows for the recognition of those features of the immune system that are resistant to evolutionary change. In human and mouse, accumulation of ATMs was initially observed in a disease context and was considered a pathologic consequence of obesity [1, 2] . Nevertheless, our present and previous findings [19] show that the association of WAT and leukocytes, specifically ATMs, is a conserved trait of vertebrates. Although WAT is not exposed to the environment, blood circulation from the intestine can deliver pathogen-associated signals to WAT, which can elicit an innate immune response of ATMs. The close association of Xenopus ATMs with lymphocytes makes communication between these cells feasible and may be the evolutionary root of mammalian AT immune function.
Whereas Mfs were traditionally viewed as terminally differentiated monocytes that lacked the capacity for proliferation and self-renewal [75] , recent data challenge this view. It has been shown that monocyte recruitment to tissues is not the only possible source of tissue Mfs. Indeed, microglia, liver Kupffer cells, and arterial and cardiac Mfs have been shown to develop without monocyte intermediates [11, 18] . Kupffer cells are replenished by a locally proliferating Mf progenitor pool [9] , and microglia and arterial and cardiac Mfs originate, at least in part, with self-renewing Mfs of the embryonic YS [10, 18] . These findings suggest that tissue-resident Mfs can locally proliferate [9] , thereby allowing the replenishment of the tissue-specific Mf pool. Whereas the ontogeny of the majority of tissue-resident Mfs has been explored in mammals, information on the origin of ATMs is lacking [2] . In obesity, ATMs are derived from circulating monocytes [7] , but can also be produced by the local proliferation of ATMs [6] . Indeed, we have shown recently that ATMs can self-renew in lean AT in mouse [45] . ATM-specific delivery of anti-inflammatory drugs is a potential therapeutic approach for the targeted resolution of AT inflammation without inducing an unwanted general immunosuppression. The lack of information on the origin of ATMs [2] , however, impedes the development of tools that can selectively target ATMs. Comparative studies, such as ours, are therefore important to better understand the developmental program of ATMs. In the present study, we show that Xenopus ATMs are derived from myeloid cell progenitors of aVBI and populate the developing AT before the establishment of the BM.
The developmental origin of tissue Mfs in amphibians has been poorly investigated [34, 76] . Because the Xenopus embryo is exposed to the environment, its innate immune system develops rapidly and Mf progenitors appear 22-23 h postfertilization [32] . They invade peripheral tissues before the onset of the circulatory system [77] and exhibit lurp expression [34] . A recent study has described lurp 2 Mfs in Xenopus [73] , which may develop from a yet undefined myeloid lineage. As we show herein, ATMs express lurp, which indicates that they originate from aVBI progenitors. ATMs are present throughout the larval stage, metamorphosis, and adulthood, despite the distinct hematopoietic organs of these developmental stages. This indicates that ATM number is not affected by the change in the site of hematopoiesis or by the remodeling and down-regulation of immune function that normally occurs in metamorphosis [32] . This may be a consequence of the ability of ATMs to proliferate locally and, therefore, to replenish the ATM pool without the need for a hematopoietic organ. ATMs were also detected in the axolotl, Ambystoma, which lacks BM myeloid progenitors, further confirming that early larval hematopoiesis is sufficient to generate ATM progenitors and that ATMs can develop in species that lack BM hematopoiesis. However, the hematopoietic potential of the fat body is limited, as shown by the lack of erythropoiesis from fat body SCs and the low number of scl-expressing cells in AT stroma. We also show that ATM number and activation state is controlled by a neuropeptide in Xenopus. This further confirms that ATM development is a controlled physiologic process, rather than a passive and uncontrolled accumulation of Mfs, as is currently considered [2] . We found that YS, the mammalian equivalent of aVBI, contributes to the ATM pool in mouse. A BM contribution to the generation of ATMs has been documented in obese mice [21] , and BM-derived progenitors can give rise to phagocytic cells, which resemble adipocyte morphology but express Mf markers [78] . Of interest, whole-body irradiation followed by BM transplantation impedes the expansion of AT in genetically obese (ob/ob) mice and reduces AT transcription of Mcp1. These effects are thought to reduce monocyte recruitment to AT, thereby decreasing ATM number [79] ; however, ATM content is not decreased after BM transplantation in ob/ob mice [79] . Moreover, ATM-associated metabolic effects of some nuclear receptors are not transmitted with BM transplantation [80] . These observations may be understood as signs of the existence of the BM-independent maintenance of ATM content. We also show in our study that BM can contribute to ATM replenishment after BM transplantation; however, BM-derived ATMs represent the minority of ATM content in mouse. Overall, our present findings, together with a recent study by us [45] , establish the existence of a BM-independent replenishment of ATMs. We also show that the majority of ATMs have a YS origin in lean AT in mouse. Of importance, the prenatal development of ATM progenitors raises the possibility that maternal factors can have an impact on ATM number and activation state. Currently, much attention is paid to the effect of the prenatal environment on the risk for inflammatory diseases and metabolism in adulthood [81] . Maternal nutrition, inflammatory status, infections, and bioactive factors of the maternal blood can all have late-acting effects on immunity and metabolism [81] . Mf number and activation state are influenced by nutrition and by inflammatory mediators and bioactive factors, such as hormones and vitamins. It is feasible that these factors are also operative in the prenatal environment, though there are significant gaps in our understanding of prenatal Mf functions [82, 83] . As the Xenopus embryo develops externally, development of amphibian ATMs occurs without maternal influence, which makes Xenopus a tractable model system of ATM development via exposure to various inflammatory signals, hormones, and other bioactive factors.
Use of Xenopus as a model of ATM development has an additional advantage over mouse models because myeloid precursors are anatomically separated from erythroid and lymphoid progenitors in the early tailbud embryo [34, 77] . Although appropriate markers to distinguish the hematopoietic lineages in Xenopus by FACS analysis are lacking, this anatomic separation allows for the targeted manipulation of the early myeloid lineage and the identification of determinants of ATM development, which can lead to specific approaches that target ATM development without adverse off-target effects on other tissue Mfs.
In summary, our study shows that the evolutionary history of WAT is shared with ATMs. As a result of the conservation of fundamental mechanisms of immunity between amphibians and mammals, exploring the features of amphibian ATM development will not only enhance the understanding of the amphibian immune response, per se, but will also aid in the understanding of the impact of ATM development on organ homeostasis and metabolism. AUTHORSHIP S.F.H.W., A.N., A.C.H., G.A., M.P. carried out experiments, S.S., M.G. provided resources, and T.R. conceived the project and wrote the article.
